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ALLOCATION STRATEGIES FOR STORAGE
DEVICE SETS

BACKGROUND

Within the field of computing, many scenarios mmvolve a
storage device set comprising a set of storage devices that are
configured to store data sets on behall of various processes.
The storage capacity of the storage devices may be mani-
tested on computer systems as a set of logical volumes, and
the interoperation of the storage devices may enable more
variations than independently operating storage devices; e.g.,
the entire storage capacity may be manifested a single logical
volume, regardless of which storage device contains a par-
ticular data set, or a set of logical volumes may be generated
with an arbitrary relationship with the storage devices upon
which the capacity for a particular logical volume 1s physi-
cally located. The interoperation of the storage devices may
also provide additional features, such as automated storage
redundancy that may provide data recovery and availability in
case a storage device of the storage device set becomes 1nac-
cessible; error detection and/or correction through automated
checksum calculation that may enable recoveries from data
corruption or reconstruction of lost data; and parallel access
to a data set through a plurality of storage devices that may
provide greater throughput to a storage device set than access
through a single storage device.

In some of these scenarios, access to the storage device set
may be provided as a set of spaces (respectively representing,
¢.g., a logical volume, a storage journal, or a metadata set
facilitating the maintenance of the storage device set), for
which a set of extents have been physically allocated on the
storage devices. For example, the capacity of each storage
device may be apportioned into extents of a consistent or
variable size, and when capacity 1s requested for a space, one
or more extents may be physically allocated on one or more
storage devices, and each extent may be bound to a logical
address range for the space. An access to a location within the
logical address range may be satisfied by reference to an
extent that has been physically allocated for the space and

bound to a logical address range including the location of the
access.

SUMMARY

This Summary 1s provided to mtroduce a selection of con-
cepts 1n a simplified form that are further described below 1n
the Detailed Description. This Summary 1s not intended to
identify key factors or essential features of the claimed sub-
ject matter, nor 1s 1t mntended to be used to limit the scope of
the claimed subject matter.

In computing scenarios mmvolving a storage device set,
requests for allocations of capacity (e.g., the allocation of
extents for respective spaces) may be fulfilled by selecting
one or more storage devices and physically allocating one or
more areas. However, the particular selection of storage
devices may vary among implementations. For example, a
storage controller may arbitrarily select a storage device for
the allocation; may simply allocate a suitably sized area on
the storage device having the greatest available capacity; may
utilize a best-fit technique; or may select allocations of an
equal size on all storage devices of the storage device set.
These strategies may present respective advantages; e.g., a
best-fit technique may reduce data fragmentation, while a
distribution across all storage devices may improve the access
rate to a data set stored in the distributed allocation.

10

15

2

In more complex storage scenarios, data sets may be the
storage devices according to a constraint. For example, stor-
age for a first data set, comprising valuable or high-demand
data, may be requested with a maximum distribution across
the storage devices (e.g., a mirroring of data on several stor-
age devices to provide improved redundancy, or an automated
calculation and storage of checksums for the data set that
enable error detection and/or error correction). Storage for a
second data set may requested with the constraint of a con-
tiguous block of data, e.g., 1n order to improve sequential
access to the data set through the use of read-ahead and burst
access features of the storage devices. Conversely, storage for
a third data set may not specily any constraint, and may be
stored 1n any location of the storage device set. Additional
features may also be provided by the storage device set, such
as delayed capacity allocation (e.g., a request to provision
capacity for a space may not promptly allocate all of the
extents to satisiy the capacity of the space, but may simply
record the provisioned size and bind extents to the space on a

20 just-in-time basis) and thin provisioning (e.g., spaces may be
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created with provisioned capacity exceeding the physical
capacity of the storage device set, and as the available capac-
ity of the storage device set nears exhaustion, the storage
device set may advise an administrator to provide additional
storage devices to extend the physical capacity of the storage
device set).

However, 1n view of these features, comparatively simple
allocation strategies may inefliciently allocate the capacity of
the storage device set in view of these requests, and may later
have to reorganize the storage device set 1n order to satisty the
constraints of new data sets. As a first example, some storage
strategies may lead to uneven allocation of the storage capaci-
ties the respective storage devices; e.g., a greater proportion
of storage device sets may be allocated on a particular storage
device than other storage devices, thereby consuming its
capacity at a greater rate and resulting in an earlier exhaustion
of the capacity of that storage device as the storage device set
nears capacity. This early exhaustion may present a problem
if a subsequent write request specifies that a data set 1s to be
maximally allocated over the storage devices of the storage
device set. In this case, the storage device set may have plenty
ol storage capacity to satisly the request, but may have to
relocate some data from the exhausted storage device in order
to satisiy the distribution constraint. As a second example, 1
the storage devices present different available capacities (e.g.,
due to different physical capacities or other, uneven alloca-
tions ol capacity), an even allocation of capacity across the
storage devices may exhaust a storage device having less
available capacity before a storage device having greater
available capacity. As a third example, it may be desirable to
utilize thin provisioning to enable spaces to grow to a provi-
sioned capacity, but when the capacity of the storage device
set 1s exhausted, additional capacity becomes unavailable for
all overprovisioned spaces. However, some spaces may have
higher priority than other spaces, and it may be undesirable to
enable an overprovisioned but lower-priority space to con-
sume capacity to the point of exhaustion, thereby causing an
unavailability of capacity for an overprovisioned and higher-
priority space. It the storage device set does not provide any
teatures for avoiding this result, the only viable option may be
to reduce or avoid thin provisioning of the storage device set
in order to ensure that capacity 1s available when needed.

Presented herein are techniques for configuring storage
device sets to fulfill requests to allocate capacity that may
reduce or avoid some of these problems. In accordance with
these techniques, when a request to allocate capacity 1s
received, the storage device set may examine the storage




US 8,793,463 B2

3

devices to 1dentily a subset of storage devices having ample
available capacity, 1.e., storage devices having available
capacity above an available capacity minimum threshold, and
may first allocate capacity on the storage devices of this
spacious storage device subset. IT this allocation 1s 1nsuili-
cient to satisty the allocation request (e.g., 1f the allocation
request specifies an allocation of capacity on four storage
device, but only two storage devices have ample storage
capacity, then the storage device set may next identity a
subset of storage devices having less than the available capac-
ity minimum threshold, but that still have available capacity
(1.e., those that are not yet exhausted), and may allocate
capacity on these storage devices. This technique may pro-
vide a comparatively simple technmique for selecting storage
devices to allocate capacity, while also preserving capacity on
storage devices for which available capacity i1s becoming
limited. As a second example, among the storage devices of
the selected storage device subset, various strategies may be
utilized to distribute the allocations of capacity (e.g., the
allocation of extents) across the storage devices of the subset,
such as a round-robin allocation strategy that distributes the
allocation over the storage devices; a capacity utilization
allocation strategy that maximizes the allocation of the stor-
age device having the greatest available capacity; and an
access rate allocation that distributes allocations to storage
devices that have exhibited less frequent accesses, which may
more evenly distribute the access load and improve the
throughput of the storage device set.

An additional feature that may be utilized with these tech-
niques mvolves capacity reservations. For a particular space,
a specified amount of capacity may be reserved on the storage
devices; even though capacity 1s not allocated for the space,
respective storage devices may set aside some available
capacity for the space, and may thereby withhold the reserved
capacity from other capacity requests. For example, 11 a stor-
age device comprises 1,000 extents (e.g., 1 GB extents for a
storage device having 1 TB of capacity), a space may be
created with a capacity reservation resulting in a reservation
of 100 extents on the storage device. The storage device may
therefore indicate only 900 extents of capacity available for
other capacity requests, and even though no particular extents
have been allocated for the space having the capacity reser-
vation, 100 extents remain available for the space even 1f the
available capacity 1s exhausted. The use of capacity reserva-
tions may enable the reservation of capacity for spaces even in
the event of capacity exhaustion; ¢.g., even 1f another over-
provisioned and low-priority space (not having a capacity
reservation) exhausts the available capacity of the storage
device set (and can no longer request allocations of capacity),
capacity may remain available for an overprovisioned and
higher-priority space for which a capacity reservation has
been created, even if such capacity 1s not yet allocated in the
form of extents.

Moreover, these variations may be combined to present an
even more adept allocation strategy. For example, while
determining whether the available capacity of particular stor-
age device 1s ample or limited (e.g., whether the available
capacity of a storage device 1s above or below an available
capacity minimum threshold), an embodiment of these tech-
niques may include in this determination the capacity reser-
vations ol the storage device. For example, a storage device
having an available capacity of 1,000 extents may comprise
500 extents that are currently in use, and might therefore be
considered spacious 1n view ol an available capacity mini-
mum threshold of 2350 extents, but may be considered of
limited capacity 1f comprising capacity reservations totaling
400 extents. These and other variations of the techniques
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presented therein may be included 1n an allocation strategy
that utilizes the capacity of the storage device set 1n a flexible
and eflicient manner.

To the accomplishment of the foregoing and related ends,
the following description and annexed drawings set forth
certain 1illustrative aspects and implementations. These are
indicative of but a few of the various ways in which one or
more aspects may be employed. Other aspects, advantages,
and novel features of the disclosure will become apparent
from the following detailed description when considered 1n
conjunction with the annexed drawings.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1llustration of an exemplary scenario featuring
capacity allocations of respective storage devices of a storage
device set.

FIG. 2 1s an 1llustration of an exemplary scenario featuring,
an 1netficient allocation of capacity on storage devices of a
storage device set.

FIG. 3 1s an 1llustration of an exemplary scenario featuring,
an exhaustion of capacity on the storage devices of the storage
device set.

FIG. 4 1s an illustration of an exemplary scenario featuring,
an eflicient allocation of capacity on storage devices of a
storage device set in accordance with the techniques pre-
sented herein.

FIG. 5 1s an 1llustration of an exemplary scenario featuring
an exhaustion of capacity on the storage devices of the storage
device set with capacity reservations for some overprovi-
sioned spaces 1 accordance with the techniques presented
herein.

FIG. 6 1s a flowchart illustrating a first exemplary method
of allocating capacity for spaces on a storage device set 1n
accordance with the techniques presented herein.

FIG. 7 1s a flowchart illustrating a second exemplary
method of allocating capacity for spaces on a storage device
set 1n accordance with the techniques presented herein.

FIG. 81s anillustration of an exemplary computer-readable
medium comprising processor-executable instructions con-
figured to embody one or more of the provisions set forth
herein.

FIG. 9 1s an 1llustration of an exemplary scenario featuring,
some alternative allocations of capacity on the storage
devices of a storage device set that alternatively utilize varia-
tions of the allocation strategies presented herein.

FIG. 10 1llustrates an exemplary computing environment
wherein one or more of the provisions set forth herein may be
implemented.

DETAILED DESCRIPTION

The claimed subject matter 1s now described with reference
to the drawings, wherein like reference numerals are used to
refer to like elements throughout. In the following descrip-
tion, for purposes of explanation, numerous specific details
are set forth in order to provide a thorough understanding of
the claimed subject matter. It may be evident, however, that
the claimed subject matter may be practiced without these
specific details. In other instances, structures and devices are
shown 1n block diagram form 1n order to facilitate describing
the claimed subject matter.

A. Introduction

Within the field of computing, many scenarios ivolve a
storage device set comprising a set of storage devices, such as
hard disk drives, solid-state storage devices, tape backup
archives, and volatile or non-volatile memory circuits. The
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storage devices may be of homogenous or heterogeneous
types; may present similar or varying characteristics such as
capacity, volatility; may be tightly or loosely aggregated
through hardware or software (e.g., a set of hard disk drives
inserted 1n a Redundant Array of Inexpensive Disks (RAID)
controller, or a software process interacting with a variety of
storage devices); and may be present 1n the same location, 1n
a local area (e.g., a set of network-attached storage (NAS)
devices), and/or in a wide area (e.g., a geographically distrib-
uted set of storage devices accessed over the internet).

The storage device set may be configured to fulfill requests
to allocate storage capacity on behalfl of various processes
executing on one or more devices. In many such scenarios, the
storage device set manifests one or more logical volumes,
cach of which may be formatted 1n a particular manner (e.g.,
a file store formatted according to a file system or a database
formatted according to a database storage system). In earlier
storage device sets, each logical volume was limited to a
particular storage device; however, in contemporary storage
device sets, two or more storage devices may interoperate as
a pool of capacity for a single logical volume. For example,
two or more storage devices may pool some or all physical
capacity as a single logical volume. Therefore, the storage
device set may exhibit a set of logical volumes having an
arbitrary relationship with the physical capacity of the storage
devices of the storage device set; e.g., a logical volume may
secamlessly aggregate capacity from several storage devices,
and may store data represented at a particular logical location
at any physical location within the allocated capacities of the
storage devices participating in the pool.

The storage device set may satisiy requests to allocate
capacity 1n various ways. In earlier storage device sets, a
request to create a logical volume was fulfilled by allocating,
a block of physical capacity on a storage device (e.g., a large,
contiguous block of space within a partition). However, con-
temporary storage device sets may provide a large amount of
capacity (e.g., an entire petabytes of storage), and may be
allocated 1nto a large number of logical volumes (e.g., respec-
tive logical volumes for the operating environments of a large
number of virtual machines). Moreover, such requests may be
mitiated at different times, and may involve requests to
expand, reduce, or relocate the capacity. In order to support
this type of dynamic environment, 1t may be desirable to
configure the storage device set to allocate capacity 1n amore
flexible manner. As one such example, the storage device set
may be organized as a set of spaces representing various area
of data storage (e.g., a logical volume; a checksum area; a
storage journal where changes to another space may be
recorded; or a maintenance area that stores metadata about
other spaces), and as a set of extents, comprising small physi-
cal allocations that may be associated with a space. The
storage device may fulfill a request to create capacity for a
space by allocating one or more extents and binding each
extent to a logical address range of the space. Requests to
access a location within the space are then fulfilled by 1den-
tifying the extent bound to a logical address range including
the location and accessing the extent at the corresponding
olffset. It 1s to be appreciated that although the present disclo-
sure presents concepts in the context of a space and extent
allocation model, the present techniques may be applicable to
storage devices using many organization models.

In addition, the storage device set may provide many fea-
tures that improve the performance and/or reliability of the
storage device set. As a first example, the storage device set
may be configured to store one or more data sets 1n a redun-
dant manner on the same or different storage devices; e.g., 1n
a RAID 1 array, a logical volume 1s 1dentically replicated over
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several storage devices. This replication may improve the
reliability of the logical volume; e.g., 1f a storage device
becomes corrupt, inaccessible, or unavailable, no data 1s lost,
and the data remains accessible on other storage devices.
Additionally, the replication may improve the access rate of
the replicated data set by combining the imnput/output capaci-
ties of multiple storage devices. As a second example, the
storage device set may be configured to calculate and store
checksums for stored data sets. For example, in a RAID 4
array, some storage capacity 1s allocated not for user data, but
to store checksums for user data in other portions of the array;
¢.g., for each set of four words written to four sequential
logical addresses, the storage device set may automatically
compute a checksum and store the checksum in the checksum
area. This checksum may be used to verily the integrity of the
data; to 1dentity the location 1n the four-word set of an error
(e.g., an madvertently changed bit, or a bit incorrectly read
from the physical medium), and optionally to correct the
error; and/or to reconstruct data that becomes 1naccessible or
missing (e.g., the four words may be distributed across four
storage devices and the checksums may be written to a fifth
storage device, and 11 any storage device becomes corrupted,
fails to respond, or 1s removed, the data that was stored on the
storage device may be reconstructed using the corresponding,
words and the checksum stored on the other storage devices
of the storage device set).

Additional vanations of the storage device set mvolve a
decoupling of the provisioning of capacity (e.g., the creation
of a space with a provisioned size) and the allocation of
capacity, 1.e., the selection, reservation, and 1nitialization of
portions of the physical media for particular uses. As an
example 1n the context of storage organized as extents bound
to spaces, istead of allocating the entire capacity for a space
upon creation of the space, which may take a while (particu-
larly for large spaces involving a large number of extents), the
storage device set may delay the binding of extents to the
space. The storage device set may 1mitially create the space
with a provisioned capacity but few or no bound extents.
Upon receiving a request to access a location of the space, the
storage device set may determine whether any extent 1s bound
to a logical address range including the location, and 1t not,
may promptly allocate an extent on a storage device and bind
the extent to a logical address range including the location.
This just-in-time allocation may therefore accelerate the cre-
ation and size adjustments of the space. Moreover, 1n such
scenarios, the storage device set may be “thinly provisioned,”
1.e., by creating spaces that together have a provisioned
capacity that i1s greater than the available capacity of the
storage device set. As the spaces are accessed, the storage
device set may allocate extents for the spaces from the avail-
able capacity of the storage devices; and as the available
capacity approaches exhaustion, the storage device set may
advise an administrator to add one or more storage devices to
the storage device set 1n order to provide additional capacity
to satisiy the overprovisioned spaces. Such techniques may
be advantageous, e.g., where a large storage device set com-
prises a large number of spaces that are incrementally filled
with data and/or that remain partially unused, such as a stor-
age array with a petabyte capacity storing logical volumes for
a large number of virtual machines; 1n such scenarios, rather
than acquiring and allocating capacity devices for the entire
provisioned capacity that remain partially unused, and/or 1ni-
tially creating spaces with little provisioned capacities and
repeatedly expanding the spaces and allocating extents to
provide additional capacity, the admimistrator may simply
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overprovision the spaces, may monitor the available capacity
ol the storage device set, and add storage devices to avoid
capacity exhaustion.

FIG. 1 presents an illustration of an exemplary scenario
100 featuring a storage device set 102 of storage devices 104,
cach having an available capacity 1identified as a set of physi-
cal addresses. In this exemplary scenario 100, the capacity of
the storage devices 104 may be allocated at a set of extents
106, 1llustrated here as consuming a fixed address block of
0x0100 words. Respective extents 106 are allocated for a
space 108, which may represent, e.g., a logical volume, a
checksum area, a storage journal, or a maintenance area for
storing metadata for the storage device 104. A request may be
received to create a space 108 of a particular provisioned
capacity 110, and the storage device set 102 may store infor-
mation representing the space 108 (e.g., 1n a configuration
area). The storage device set 102 may vary in the manner of
allocating capacity upon recerving the request. For example,
the storage device set 102 may promptly allocate extents 106
to tulfill the entire provisioned capacity of a space 108 (e.g.,
extents 106 have been fully allocated for the provisioned
capacity 110 of spaces 1, 2, and 5 1n this exemplary scenario).
Alternatively, the storage device set 102 may allocate fewer
than all of the extents 106, but may wait to allocate remaining,
extents 106 until a write request 1s recerved when the extents
106 allocated for the space 108 are fully utilized, and may
then allocate one or more extents 106 for the space 108 to
satisiy the write request. For example, for spaces 3 and 4, the
provisioned capacity 110 of the space 108 exceeds the num-
ber of extents 106 allocated for the space 108, but the storage
device set 102 may subsequently allocate additional extents
106 on a just-1n-time basis. Moreover, 1n some scenarios, one
or more spaces 108 may be overprovisioned, such that pro-
visioned capacity 110 of the spaces 108 exceeds the number
extents 106 physically available on the storage devices 104.
This excess provision may only present a problem when the
available capacity of the storage device set 102 1s exhausted,
such that an overprovisioned space 108 having more provi-
sioned capacity 110 than allocated capacity requests an addi-
tional extent 106, but the storage devices 104 have no capacity
remaining to allocate additional extents 106. However, an
administrator of the storage device set 102 may avoid this
predicament by monitoring the available capacity of the stor-
age device set 102, and, when the available capacity nears
exhaustion, expanding the available capacity of the storage
device set 102 by adding storage devices 104. In this manner,
overprovisiomng of the spaces 108 for respective logical vol-
umes may enable an administrator of the storage device set
102 to create spaces 108 with a maximum logical capacity
that 1s not restrained by the current physical capacity of the
storage device set 102, and to supplement the available capac-
ity of the storage device set 102 to satisty the utilization of the
storage device set 102.

Thus, 1n these and other scenarios, a storage device set 102
may be configured to allocate capacity 1n response to various
requests (e.g., organize the physical capacity of the storage
devices 104 1n order to provide logical capacity for spaces
108 or other manifestations of logical volumes). Thus, 1n
many scenarios, the physical locations of the allocated capac-
ity may be insignificant; €.g., on the storage devices 104 of a
RAID 4 array, the physical location of a data set may be
arbitrarily allocated anywhere on any storage device 104.
However, in some such scenarios, the manner of selecting
physical locations to satisiy requests to allocate capacity may
have practical consequences. As a first example, 1n some
RAID schemes, respective data sets are distributed across the
storage devices 104, and each capacity request is satisfied by
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allocating a portion of the requested capacity on each storage
device 104. As a second example, 1n scenarios involving
highly dynamic data (e.g., data sets that are frequently cre-
ated, deleted, and/or resized), the compaction of the data set
may degrade as the storage device set 102 nears exhaustion;
¢.g., available capacity may be physically fragmented into
small portions throughout the storage device set 102. Thus,
even 1f the total available capacity of the storage device set
102 1s suificient for a capacity request specitying a large block
of data, the storage device set 102 may be unable to locate a
contiguous block of free capacity to satisiy the request, and
may have to allocate the capacity in a fragmented manner
and/or rearrange other data in order to compact the used
capacity and aggregate the available capacity in order to fulfill
the capacity allocation request.

As further 1llustrated in the exemplary scenario 100 of FIG.
1, some spaces 108 may specily a constraint 112 that affects
the placement of extents 106 to fulfill a request to allocate
capacity of the space 108. For example, a constraint 112 for
the first space 108 may specily that the space 108 1s config-
ured according to a RAID 1 scheme, wherein a data set 1s
automatically mirrored on two or more storage devices 104,
and that the extents 106 allocated therefor are to span two
storage devices 104. Accordingly, a pool 114 of extents 1008
may be allocated across the first storage device 104 and the
second storage device 104 (and may advantageously be
selected at the same physical locations each storage device
104), thereby enabling a parallel access to the extents 106 of
the space 108. As a second example, the second space 108
may 1nclude a constraint 112 specifying the allocation of a
contiguous block of extents 106, ¢.g., for a data set that 1s
primarily accessed 1n a streaming manner. As a third example,
the fifth space 108 may be formatted according to a RAID 4
scheme, and may therefore include a constraint 112 that
extents 106 allocated for the capacity of this space 108 are to
be distributed across four storage devices 104 (e.g., compris-
ing three areas for user data and a checksum area), and the
storage device set 102 may allocate a pool 114 of extents 106
spanmng all four storage device 104. In this manner, the
storage device set 102 may provide options for allocating
particular types of capacity and features for respective spaces
108, and may allocate extents 106 on the storage devices 104
in a manner that satisfies the constraints 112 of the spaces
108.

In view of these considerations, 1t may be appreciated that
while many scenarios may satisfactorily utilize any strategy
for allocating capacity in response to a request, some alloca-
tion strategies may more efficiently allocate storage than
other allocation strategies. As a first exemplary allocation
strategy, requested capacity may be allocated on the storage
device 104 having the largest amount of available capacity.
This example may distribute successive storage requests over
the storage devices 104 1n view of the changing available
capacity thereoft, thus reducing the exhaustion of capacity on
one storage device 104 while other storage devices 104 con-
tain plentiful capacity. However, this allocation strategy ful-
f1lls each capacity request by allocating capacity on one stor-
age device 104, and may therefore be incompatible with
pooled storage or some features of RAID arrays. As a second
exemplary allocation strategy, each storage request may be
tulfilled by equally allocating the requested capacity across
all available storage devices 104. If this technique 1s used to
tulfill all capacity requests for a set of storage devices 104
having the same capacity, this strategy may consume the
capacity of all storage devices 104 in an approximately uni-
form manner. However, this allocation strategy may be
incompatible with storage device sets 102 having storage
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devices 104 of varying available capacity, such as storage
device sets 102 featuring storage devices 104 with different
physical capacities, or where some allocation requests are
satisfied using different allocation strategies (e.g., allocating
a block of capacity from one storage device); in these sce-
narios, an even distribution of capacity allocations across all
storage devices 104 exhausts those having less available
capacity before those having greater available capacity.

Further complications may be caused by capacity requests
specilying one or more constraints regarding the selected
storage devices 104. For example, a first capacity request may
specily that the capacity 1s to be distributed and/or mirrored
across a particular number of storage devices 104 1n order to
improve throughput or reliability; a second capacity request
may specily that the capacity 1s to be allocated as a contiguous
block of one storage device 104 (e.g., 1n order to promote
cificiently streaming of the data set of the capacity from one
storage device 104, particularly utilizing read-ahead and
burst features of the storage device 104); and a third capacity
request may specily no constraint, and may therefore be
allocated from the available capacity of any storage device
104. Thus, allocation strategies may be designed to select
capacity 1n a manner that results 1n available capacity with
greater variety, i order to provide the capability to fulfill
subsequent capacity requests with variable constraints. For
example, the allocation strategies may be designed to com-
pact allocated capacity and aggregate available capacity (e.g.,
using a best-fit selection of allocations), and/or to distribute
available capacity across all storage devices 104, such that
capacity 1s available on all storage devices 104 1n order to
satisty subsequent requests specitying a constraint of mul-
tiple storage devices 104.

In view of these considerations, 1t may be appreciated that
the design of an allocation strategy for selecting a particular
storage device 104 and physical location to satisiy a capacity
request may significantly atfect the performance of the stor-
age device set 102. Conversely, 1t may be appreciated that a
poorly designed allocation strategy may select allocations in
a manner that limaits the constraints 112 that may be satisfied
by the remaining available capacity of the storage devices 104
1in response to subsequent capacity requests. That 1s, even 1f
the available capacity of the storage device set 102 1s sudfi-
cient to satisty the size ol a capacity request, 1t may be
difficult to allocate capacity that satisfies the constraint 112 of
the request. The storage device set 102 may therefore have to
relocate some data 1n order to arrange the available capacity to
satisiy the constraint 112 of the request, which may delay the
tulfillment of the request (possibly blocking the requesting
process or thread for an extended period of time). Indeed, in
some scenarios, 1t may not be possible to fulfill the request
despite a suilicient available amount of physical capacity,
because other processes may be actively utilizing the other
data sets of the storage device set 102, and/or 1t may not be
possible to relocate other data sets without (temporarily or
even permanently) violating the constraints 112 associated
therewith. Thus, the problems resulting from a poorly
designed allocation strategy may have a significant impact on
the storage device set 102.

FIG. 2 presents an illustration of an exemplary scenario
200 depicting a result of an inetlicient allocation strategy. In
this exemplary scenario 200, a storage device set 102 of four
storage devices 104, imtially empty, may be provided. At a
first time point 202, in response to a first capacity request for
a first space 108, two extents 106 may be allocated. Moreover,
the extents 106 may be allocated together on the same storage
device 104, e.g., 1n accordance with a constraint 112 specified
by the request and/or the space 108 indicating the allocation
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of contiguous extents 106. At a second time point 204, a
second request may request the allocation of four extents 106
for a second space 108, and the storage device set 102 may
distribute the allocation by allocation one extent 106 on each
storage device 104. This distribution may be indicated by a
constraint 112 specified for the second space 108, or accord-
ing the allocation strategy of the storage device 104 (e.g., a
strict round-robin allocation strategy that seek to maximize
the distribution of each data set across several storage devices
104). While the increased performance and/or reliability
enabled by this distribution may be advantageous, the distri-
bution may also limit the use of the available capacity for
future requests. For example, at a third time point 206, the
storage device set 102 may recerve a request to allocate two
extents 106 for a third space 108 (and may not specily a
constramnt 114), but the allocation strategy may fulfill the
request by allocating extents 106 on the first and second
storage devices 104. This allocation may exhaust the capacity
of the third storage device 104, even though only 50% of the
physical capacity of the storage device set 102 has been
utilized. It a subsequent request for capacity specifies a con-
straint 114 indicating a distribution across all four storage
devices 104, the storage device set 102 1s unable to satisty this
request without relocating one or more extents 106 from the
first storage device 104 to another storage device 104. Addi-
tionally, the overloading of the first storage device 104
increases the probability of recerving competing requests to
access the first storage device 104, resulting in delayed
responses and performance of the first storage device 104,
while the other storage devices 104 remain idle. As yet
another example, the increased usage of the first storage
device 104 may shorten the lifespan of the first storage device
104 while the other storage device 104 remain 1dle. These and
other problems may therefore arise from the design of an
inellicient allocation strategy.

Another problem that may arise within storage device sets
102 involves the exhaustion of available capacity 1n a storage
device set 102 comprising spaces 108 that have been over-
provisioned. In particular, a variety of spaces 108, each hav-
ing a particular usage, may be overprovisioned, and moni-
tored by an administrator to avoid capacity exhaustion.
However, 1n many such scenarios, capacity remains available
for all overprovisioned spaces 108 until capacity exhaustion
1s reached, at which point capacity becomes unavailable for
all overprovisioned spaces 108. This result may be undesir-
able, e.g., 1 spaces 108 have different priorities, then an
overprovisioned, higher-priority space 108 may be denied
capacity after an overprovisioned, lower-priority space 108
consumes all remaiming available capacity. However, 1t may
be undesirable to reallocate capacity from the lower-priority
space 108 to the higher-priority space 108 11 such capacity 1s
in use, thereby resulting in data loss.

FIG. 3 presents an exemplary scenario 300 featuring the
consequences of an exhaustion of available capacity. In this
exemplary scenario 300, a storage device set 102 comprising
a set of storage devices 104 1s configured to allocate extents
106 for respective spaces 108, each having a provisioned
capacity 110 and a used capacity 304 (i.c., the total capacity
of the extents 106 that have been allocated for the spaces 108).
The respective spaces 108 may have a priority 302, such as a
high-priority space comprising valuable user data; a medium-
priority space comprising a logical volume manifesting an
operating environment for a computer system; and a low-
priority space allocated as a cache or a scratch disk for work-
ing data. In this exemplary scenario 300, the storage device
set 102 has been thinly provisioned, such that spaces 108 have
been provisioned with a total logical capacity of 60 extents
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106, but are stored by a storage device set 102 having a total
physical capacity of 40 extents. For example, the capacity
utilized by the low-priority space 108 may fluctuate (e.g., the
cache and working space may expand or contract with usage),
and overprovisionming this space 108 may enable the use of
available capacity for such temporary uses, thereby avoiding
an artificial limit of the capacity of the low-priority space 108
when capacity 1s available on the storage devices 104. Addi-
tionally, the storage device set 102 may enable the delayed
allocation of extents 106 for spaces 108, such that the high-
and medium-priority spaces 108 may not have extents 106
allocated for the full provisioned capacity 110 of the space
108, but may be allocated later as the spaces 108 are filled
with data.

As turther illustrated 1n the exemplary scenario 300 of FIG.
3, the available capacity of the storage device set 102 may be
consumed over time and eventually exhausted. For example,
at a first time point 306, the storage device set 10 may be only
partially utilized with only five extents 106 allocated per
space 108, thereby presenting ample available capacity for
additional requests. At a second time point 306, the capacity
may be more heavily utilized, and in particular, the low-
priority space 108 may rapidly consume the available capac-
ity of the storage device set 102 (while restricting utilization
within the provisioned capacity 110). At a third time point
310, the capacity of the storage device set 102 may be dwin-
dling, and the storage device set 102 may generate an alert
312 for an administrator 314 of the storage device set 102 to
indicate the imminent exhaustion of available capacity. How-
ever, the adminmistrator 314 may not provide storage devices
104 or otherwise address the imminent exhaustion, and at a
fourth time point 316, the available capacity of the storage
device set 102 may be exhausted. However, as a result of this
coniiguration, this condition applies equally to all spaces 108;
¢.g., additional capacity becomes unavailable for all spaces
108, regardless of priority 302. The administrator 314 may
not have perceived this result, particularly for the high-prior-
ity space 108, which was created with a provisioned capacity
110 at a time when the storage device set 102 had ample
available capacity. Indeed, the admimistrator 314 may not
even have perceived the first space 108 as overprovisioned;
¢.g., the space 108 was created with a comparatively small
provisioned capacity 110 at a time point when the storage
device set 102 had ample available capacity. Rather, the
exhaustion of the available capacity of the first space 108
arises from configuration of the storage device set 102 to
delay the allocation of extents 106 for any space 108, and as
a result, the consumption of available capacity by the low-
priority third space 108 results in the unavailability of extents
106 and the exhaustion of capacity for the first and second
spaces 108. Avoiding this result may involve reducing or
altogether avoiding the use of overprovisioning of the storage
device set 102 (e.g., reducing the provisioned capacity 110 of
the low-priornity space 108), selectively or generally or dis-
abling delayed capacity allocation (thereby resulting in
reduced performance, such as protracted response time, for
the allocation or adjustment of spaces 108, and/or the alloca-
tion of extents 106 for a space 108 1n the absence of an
imminent use of the capacity of the space 108). However,
these features are generally advantageous, and the mability to
utilize such features may diminish the capabilities of the
storage device set 102.

B. Presented Techniques

Presented herein are allocation strategies for storage device
sets 102 that may reduce or avoid some of the problems of less
elficient allocation strategies, including those depicted 1n the
exemplary scenarios of FIGS. 2-3. In accordance with these
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techniques, capacity may be allocated on respective storage
devices 104 of a storage device set 102 1n view of particular
properties of the storage devices 104. For example, when
selecting a location within the storage device set 102 to allo-
cate capacity 1n order to fulfill a capacity request for a space
108, an embodiment of these techniques may examine the
storage devices 104 to identily those that have spacious
capacity, and may select these storage devices 104 as a spa-
cious storage device subset of the storage device set 102. In
particular, an embodiment may define an available capacity
minimum threshold (e.g., a minimum number of extents 106
that remain available for allocation), and may select storage
devices 104 for this subset having at least this minimum
number of available extents 106. Capacity for the space 108
may first be allocated on the storage devices 104 of the spa-
cious storage device subset 1n various ways (e.g., a round-
robin allocation strategy that maximizes the distribution of
the allocated capacity across the storage devices; a capacity
utilization allocation strategy that allocates capacity on the
storage devices of the spacious storage device subset having
the greatest available capacity; or an access rate strategy that
allocates capacity on the storage devices 104 according to the
frequency of accesses to the extents 106 allocated for each
such storage device 104). However, in some cases, this allo-
cation may be inadequate to satisiy the capacity request; e.g.,
the capacity request may specily a minimum distribution,
such as a mimimum number, type, or location of storage
devices 104 across which the capacity 1s to be allocated, and
the minimum distribution may exceed the number of storage
devices 104 comprising the spacious storage device subset.
Theretfore, an embodiment of these techniques may next 1den-
tify a limited storage device subset, comprising the storage
devices 104 of the storage device set 102 for which available
capacity 1s limited (e.g., available capacity has not been
exhausted, but 1s below the available capacity minimum
threshold). The embodiment may therefore fulfill the remain-
der of the capacity request by allocating extents 106 for the
space 108 on the storage devices 104 of the limited storage
device subset (again, utilizing any or several allocation strat-
egies such as round-robin, capacity utilization, and access
rate). In this manner, an embodiment of these techniques may
tulfill the capacity request for the space 108 from the storage
devices 104 of the storage device set 102 using a compara-
tively simple evaluation while also preserving the capacity of
limited storage devices 104, and also using various allocation
strategies that may advantageously distribute the allocated
capacity within the selected subsets.

FIG. 4 presents an 1llustration of an exemplary scenario
400 featuring an allocation of capacity within a storage device
set 102 according to the techniques presented herein. In this
exemplary scenario 400, a set of storage devices 104 allocates
capacity for respective spaces 108, e.g., by mapping an extent
106 located at a physical address range on a storage device
104 to a logical address range of the space 108. At a first time
point 402, a first capacity request may be received to allocate
three extents 108 for a fourth space 108. However, the storage
devices 104 may already have allocated extents 106 for other
spaces 104, and may therefore present unequal amounts of
available capacity. Therefore, the storage device set 102 may
tulfill the capacity request through the use of the allocation
strategies presented herein. In particular, the storage device
set 102 may first 1dentify a spacious storage device subset
404, comprising the storage devices 104 of the storage device
set 102 having at least a number of available extents 106
specified by an available capacity minimum threshold (de-
fined 1n this exemplary scenario 400 as at least two available
extents 106). Thus, the storage device set 102 may define a
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spacious storage device subset, comprising the storage
devices 104 satisiying the available capacity minimum
threshold (e.g., the second, third, and fourth storage devices
104), and may allocate extents 106 on the storage devices 104
of this subset using any suitable allocation technique (e.g., a
round-robin allocation technique that maximally allocates
extents 106 across all of the storage devices 104 of the sub-
set), thereby satisiying the first capacity request.

As turther illustrated in the exemplary scenario 400 of FIG.
4, at a second time point 406, a second capacity request may
be recerved that requests an allocation of extents 108 on three
storage devices 104. The storage device set 102 may again
identily a spacious storage device subset (now comprising
only the third and fourth storage devices 104), and may allo-
cate an extent 106 on each storage device 104. However, this
allocation does not fully satisty the capacity request, so the
embodiment may next select a limited storage device subset
408, comprising the storage devices 104 having less than the
available capacity minimum threshold but having more than
zero available extents 106 (i.e., the first and second storage
devices 104). The storage device set 102 may therefore allo-
cate the third extent 106 on one of the storage devices 104 of
this subset (using any suitable allocation strategy), and may
therefore exhaust the capacity of the first storage device 104
but tulfilling the second capacity request. At a third time point
406, a third capacity request may be received that against
requests an allocation of extents 108 on three storage devices
104. The storage device set 102 may again 1dentily a spacious
storage device subset (again comprising only the third and
fourth storage devices 104), and may allocate an extent 106
on each storage device 104. In order to allocate the third
extent 104 on a different storage device 104 1n compliance
with the constraint of the capacity request, the embodiment
may next select a limited storage device subset 408, compris-
ing the storage devices 104 having less than the available
capacity minimum threshold but having more than zero avail-
able extents 106 (now comprising only the second storage
device 104) and allocate the third extent 106 on the second
storage device 104. In this manner, the storage device set 102
may etficiently fulfill capacity requests according to the tech-
niques presented herein.

Additional techniques presented herein relate to the sce-
nario depicted in the exemplary scenario 300 of FIG. 3,
involving the effects of an exhaustion of available capacity on
spaces 108 that have not been tully allocated (including those
that an administrator 314 has overprovisioned, but also
including those for which allocation has simply been
delayed). In these scenarios, 1t may be advantageous to pro-
vide a mechanism for reserving capacity for a space 108 in the
event ol exhaustion of the available capacity of the storage
device set 102. That 1s, without allocating capacity for a space
108 that 1s not 1n use, the storage device set 102 may never-
theless hold some capacity in reserve for the space 108 1n case
available capacity 1s exhausted. Moreover, such capacity may
be reserved on several storage devices 104 of the storage
device set 102, e.g., 1n compliance with a constraint associ-
ated with the space 108. Therelfore, an additional feature that
may be included 1n embodiments of the techniques presented
herein 1s the reservation of a capacity reservation for one or
more spaces 108, wherein the capacity reservation may be
achieved by reserving a capacity reservation portion on
respective storage devices 104 of the storage device set 102.
The respective storage devices 104 may therefore report an
available capacity as the unallocated capacity minus the
capacity reservation portions reserved on the storage device
104 for respective spaces 10. As a space 108 requests capac-
ity, the capacity reservation may be reduced, thereby resulting
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in a reduction of the capacity reservation for the space 108,
but not the available capacity of the storage device 104. Alter-
natively, the capacity reservation for the space 108 may be
maintained up to a maximum of the remaining provisioned
capacity of the space 104 (¢.g., 1t may not be advantageous to
hold capacity in reserve that exceeds the provisioned capacity
110 of the space 108). This variation results in a reduction of
the available capacity of the storage device 104, but not of the
capacity reservation for the space 108. These techniques may
enable the delayed allocation of capacity for a space 108
without risking the exhaustion of capacﬂy for the space 108,
thereby enabhng devices to continue using (and expandmg)
the space 108 i the event of an exhaustion of available
capacity of the storage device set 102.

FIG. 5 presents an illustration of an exemplary scenario
500 featuring the use of capacity reservations to avoid some
of the problems associated with delayed capacity allocation.
In this exemplary scenario 500, a set of storage devices 104
provide capacity (in the form of extents 106) for respective
spaces 108 having a priority 302 and a provisioned capacity
110. However, 1n contrast with the exemplary scenario 300 of
FIG. 3, 1n this exemplary scenario 300, two of the spaces 108
also comprise a capacity reservation 504 1n the form of a
specified number of extents 106. In particular, the first space
108, having a high priority 302, comprises a suificient capac-
ity reservation 504 for the entire provisioned capacity 110 of
10 extents 106 for the first space 108; while the second space
108, having a medium priority 302, comprises a capacity
reservation 504 of 6 extents 106, which 1s sufficient for stor-
ing only a portion of the total provisioned capacity 110 of 30
extents. These capacity reservations 304 are not yet allocated
for or bound to the spaces 108 (since spaces 108 are not
initially empty and such extents 106, i1 bound to a space 108,
may iitially remain unused), and the capacity reservation
504 may not correspond to particular extents 106 or physical
address ranges on each storage device 104, but may simply
comprise a portion of the physical capacity of the storage
device 104 that 1s held 1n reserve. Therefore, at a first time
point 502, the storage device set 102 comprises 40 extents 106
and 1s completely empty; nevertheless, the storage device set
102 reports that only 24 extents 106 are available, because
suificient capacity for 16 extents 106 1s held 1n reserve as
capacity reservations 504 for the first tow spaces 108 (1llus-
trated on each storage device 104 as a striped region indicat-
ing the capacity reservation portion 506 held in reserve on the
storage device 104).

As further illustrated 1n the exemplary scenario 500 of FI1G.
5, at a second time point 508, some extents 106 have been
allocated on the storage devices 104 for each of the spaces
108. For example, for the third space 108, 8 extents 106 have
been allocated, and for the second space 108, 3 extents have
been allocated, while 6 extents are still held 1n reserve by the
storage device set 102 for the second space 108. Accordingly,
the available capacity of the storage device set 102 has been
reduced by 11 extents 106. However, for the first space 108,
cight extents 106 have been allocated; however, because
rather than reducing the available capacity, the storage device
set 102 reduces the capacity reservation 504 for the space 108
so that the capacity reservation 504 does not exceed the
remaining provisioned capacity 110 of the first space 108. At
a third time point 510, the continued expansion of the allo-
cated capacity of the second space 108 and the third space 108
results 1n the exhaustion of the available capacity of the stor-
age device set 102. However, some capacity remains avail-
able for the first space 108 (sulficient to satisiy the remainder
of its provisioned capacity 110) and for the second space 108
(e.g., 6 extents 108, which may be sufficient to satisty the
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volume of data stored 1n the second space 108 until additional
capacity may be added). Accordingly, at a fourth time point
512, the first and second spaces 108 have been able to request
and receive additional allocated capacity by consuming the
capacity reservations 504 of each space 108. In this manner,
and 1n contrast with the exemplary scenario 300 of FIG. 3,
capacity reservations 504 may enable some spaces 108 to
continue to request and recerve allocations of capacity even
after the exhaustion of the available capacity of the storage
device set 102.

It may be particularly advantageous to implement both the
allocation strategies and the capability of capacity reserva-
tions in an embodiment of these techniques. For example, the
determinations of whether a particular storage device 104 has
ample available capacity (and therefore may be included 1n
the spacious storage device subset 404), and whether a par-
ticular storage device 104 has limited but nonzero available
capacity (and therefore may be included in the limited storage
device subset 408), may include the consideration of the
capacity reservation portions 306 for each storage device 104.
That 1s, the number of extents 106 available for allocation
may exclude the capacity reserved as capacity reservations
504 for the spaces 108, even 11 such capacity reservations are
not yet allocated for any space 108. Indeed, among the unal-
located areas of a storage device 104, the characterization of
areas as available extents 106 or as capacity reservations may
be indeterminate; 1.€., the reserved capacity 1s determined by
the unallocated areas remaining after all available capacity
has been allocated. This combination of these techniques may
turther facilitate the allocation of capacity of a storage device
set 102 for respective spaces 108 in accordance with the
techniques presented herein.

C. Exemplary Embodiments

FIG. 6 presents an illustration of a first embodiment of
these techniques, illustrated as an exemplary method 600 of
allocating capacity for spaces 108 on a storage device set 102
comprising at least two storage devices 104. The exemplary
method 600 may be implemented, e.g., as a set of instructions
stored 1n a memory component of a device (e.g., a memory
circuit, a platter of a hard disk dnive, a solid-state memory
component, or amagnetic or optical disc) that, when executed
by a processor of a device, cause the device to perform the
techniques presented herein. The exemplary method 600
begins at 602 and imnvolves executing 604 the 1nstructions on
the processor. Specifically, the instructions are configured to,
upon recerving a request to allocate capacity for a space 108,
among the storage devices 104, identify 606 a spacious stor-
age device subset 404 comprising storage devices 104 having
available capacity above an available capacity minimum
threshold; and to allocate 608 capacity for the space 108 on
the storage devices 104 of the spacious storage device subset
404. The mstructions are also configured to, 11 610 the spa-
cious storage device subset 404 does not satisty the request,
identify 612, among remaining storage devices 104, a limited
storage device subset 408 comprising storage devices 104
having available capacity below the available capacity mini-
mum threshold (1.e., those having nonzero available capacity,
but having less available capacity than defined by the avail-
able capacity minimum threshold), and to allocate 614 capac-
ity for the space 108 across the storage devices 104 of the
limited storage device subset 408. In this manner, the exem-
plary method 600 achieves the allocation of capacity on the
storage device set 102 for respective spaces 108 according to
the techmques presented herein, and so ends at 616.

FI1G. 7 presents an illustration of a second embodiment of
these techniques, illustrated as an exemplary method 700 of
allocating capacity for spaces 108 on a storage device set 102
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comprising at least two storage devices 104. The exemplary
method 700 may be implemented, e.g., as a set of instructions
stored 1n a memory component of a device (e.g., a memory
circuit, a platter of a hard disk drive, a solid-state memory
component, or a magnetic or optical disc) that, when sent to a
device having a processor, cause the device to perform the
techniques presented herein. The exemplary method 700
begins at 702 and involves sending 704 the 1instructions to the
device. Specifically, the instructions are configured to, upon
receiving 706 a request to create a space 108 with a provi-
sioned capacity 110 and a capacity reservation 504, create
708 the space 108, and for respective storage devices 104,
reserve 710 a capacity reservation portion 506 for the space
108. The mstructions are also configured to, upon receiving,
712 a request to allocate capacity for the space 108, identity
714, among the storage devices 104, a spacious storage
device subset 404 comprising storage devices 104 having
available capacity above an available capacity minimum
threshold; and for respective storage devices 104 of the spa-
cious storage device subset 404, allocate 716 at least one
extent 106 for the space 108 on the storage devices 104 of the
spacious storage device subset 404. The instructions are also
configured to, if 718 the spacious storage device subset 404
does not satisty the request, identity 720, among remaining
storage devices 104, a limited storage device subset 408 com-
prising storage devices 104 having available capacity below
the available capacity minimum threshold, and allocate 722
capacity for the space 108 across the storage devices 104
comprising the limited storage device subset 408. Addition-
ally (though not depicted 1n the exemplary method 700 of
FIG. 7), the istructions may also be configured to, upon
allocating capacity on a storage device 104 (whether or spa-
cious or limited available capacity), adjust the capacity res-
ervation portion of the capacity reservation 504 for the space
108. In this manner, the exemplary method 700 may achieve
the allocation of the capacity of the storage device set 102 on
behalf of the spaces 108 1n accordance with the techniques
presented herein, and so ends at 724.

Still another embodiment involves a computer-readable
medium comprising processor-executable instructions con-
figured to apply the techniques presented herein. Such com-
puter-readable media may include, e.g., computer-readable
storage media mvolving a tangible device, such as a memory
semiconductor (e.g., a semiconductor utilizing static random
access memory (SRAM), dynamic random access memory
(DRAM), and/or synchronous dynamic random access
memory (SDRAM) technologies), a platter of a hard disk
drive, a flash memory device, or a magnetic or optical disc
(such as a CD-R, DVD-R, or floppy disc), encoding a set of
computer-readable 1nstructions that, when executed by a pro-
cessor of a device, cause the device to implement the tech-
niques presented herein. Such computer-readable media may
also include (as a class of technologies that are distinct from
computer-readable storage media) various types of commu-
nications media, such as a signal that may be propagated
through various physical phenomena (e.g., an electromag-
netic signal, a sound wave signal, or an optical signal) and 1n
various wired scenarios (e.g., via an Ethernet or fiber optic
cable) and/or wireless scenarios (e.g., a wireless local area
network (WLAN) such as WikF1, a personal area network
(PAN) such as Bluetooth, or a cellular or radio network), and
which encodes a set of computer-readable instructions that,
when executed by a processor of a device, cause the device to
implement the techmques presented herein.

An exemplary computer-readable medium that may be
devised 1n these ways 1s illustrated 1n FIG. 8, wherein the
implementation 800 comprises a computer-readable medium




US 8,793,463 B2

17

802 (e.g., a CD-R, DVD-R, or a platter of a hard disk drive),
on which 1s encoded computer-readable data 804. This com-
puter-readable data 804 in turn comprises a set of computer
instructions 806 that, when executed by a processor 812 of a
device 810, cause the device 810 to operate according to the
principles set forth herein. In one such embodiment, the pro-
cessor-executable mstructions 806 may be configured to per-
form a method of allocating capacity of the storage devices
104 of a storage device set 102 in accordance with the tech-
niques presented herein, including the first method 600 of
FIG. 6 and the second method 700 of FIG. 7. Some embodi-
ments of this computer-readable medium may comprise a
nontransitory computer-readable storage medium (e.g., a
hard disk drive, an optical disc, or a flash memory device) that
1s configured to store processor-executable instructions con-
figured 1n this manner. Many such computer-readable media
may be devised by those of ordinary skill 1n the art that are
configured to operate 1n accordance with the techniques pre-
sented herein.

D. Varniations

The techniques discussed herein may be devised with
variations 1n many aspects, and some variations may present
additional advantages and/or reduce disadvantages with
respect to other vanations of these and other techniques.
Moreover, some variations may be implemented in combina-
tion, and some combinations may feature additional advan-
tages and/or reduced disadvantages through synergistic coop-
cration. The variations may be incorporated 1n various
embodiments (e.g., the exemplary methods 600, 700 of FIGS.
6-7) 1n order to confer individual and/or synergistic advan-
tages upon such embodiments.

D1. Scenarios

A first aspect that may vary among embodiments of these
techniques relates to the scenarios wherein such techniques
may be utilized. As a first variation of this first aspect, these
techniques may be used with many types of storage devices
104, including hard disk drives, solid-state storage devices,
nonvolatile memory circuits, tape-based storage devices, and
magnetic and optical discs. Such storage devices 104 may
also be directly connected to a device 810 (such as a com-
puter) implementing these techniques; may be accessible
through a wired or wireless local area network (e.g., an
802.11 WiF1 network or ad-hoc connection, or an infrared
connection); and/or may be accessible through a wired or
wireless wide-area network (e.g., a cellular network or the
internet). As a second variation of this first aspect, the storage
device set 102 may loosely aggregate the storage devices 104
(e.g., storage devices 104 that operate independently but that
are informed of and may communicate with the other storage
devices 104 sharing the storage device set) or may operate the
storage devices 104 with tight interoperation (e.g., a Redun-
dant Array of Inexpensive Disks (RAID) controller managing
several storage devices 106 as components of a storage sys-
tem). As a third variation of this first aspect, the storage
devices 104 may sore many types of data sets, including
binary storage systems storing various types of binary
objects; file systems storing files; media libraries storing
media objects; object systems storing many types of objects;
databases storing records; and email systems storing email
messages. As a fourth variation of this first aspect, portions or
all of these techniques may be implemented within one or
more components within the computing environment, such as
a set ol software instructions stored 1n a volatile or nonvolatile
ol a computer or device having access to the storage devices
104 (e.g., an operating system process or a hardware driver);
by a storage system configured to interface with the storage
devices 104 (e.g., a RAID controller); or in respective storage
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devices 104 of the storage device set 102. As a fifth variation
of this first aspect, the storage devices 104 may be organized
to allocate capacity in various ways. Although the examples
presented herein involve storage devices 104 configured to
allocate extents 106 for spaces 108, 1t may be appreciated that
the techniques presented herein may be adapted for use with
other allocation schemes, such as the allocation of partitions
representing logical volumes, and the formation of a pool 114
of two or more partitions to generate a dynamic partition
spanmng multiple basic partitions on one or more storage
devices 104. Those of ordinary skill in the art may devise
many scenarios wherein the techniques presented herein may
be utilized.

D2. Allocation Strategies

A second aspect that may vary among embodiments of
techniques relates to the allocation strategies utilized to select
the particular storage devices 104 and locations of the allo-
cation of capacity (such as extents 106) in response to a
capacity request. As a first variation of this second aspect,
alter selecting storage devices 104 of a storage device subset
(e.g., a spacious storage device subset 404 or a limited storage
device subset 408), an embodiment of these techniques may
arbitrarily select among the storage devices 104 of the storage
device subset for the allocations of capacity to satisty the
capacity request. Alternatively, an embodiment may be con-
figured to apply an allocation strategy to select where the
allocations of extents 106 are to be made on such storage
devices 104.

FIG. 9 presents an illustration of an exemplary scenario
900 featuring various allocation strategies whereupon this
first variation may be based. In this exemplary scenario 900,
a storage device set 102 comprising four storage devices 104
1s configured to allocate storage as a set of extents 106 for
respective spaces 108. A request 1s recerved to allocate three
extents 106, and no constraint 1s specified as to where the
extents 106 are to be allocated. Therefore, after selecting a
spacious storage device subset 404 comprising storage
devices 104 having at least an available capacity minimum
threshold (defined here as having at least available capacity
for two extents 106), the storage device set 102 may utilize
any allocation strategy to select the locations of the extents
106. In the exemplary scenario 900 of FIG. 3, three such
allocation strategies are illustrated. In a first allocation strat-
egy 902, the extents 106 are allocated according to a round-
robin allocation strategy, e.g., where the extents 106 are
sequentially distributed across the storage devices 104 of the
storage device subset (e.g., 1dentilying a sequence of storage
devices 104 of the storage device subset, and allocating each
extent 106 on the next storage device 104 of the sequence
until the total capacity of extents that have been allocated and
associated with the space 108 satisfies the request). More-
over, the round-robin allocation sequence may begin with the
storage device 106 following the last storage device 104 upon
which an extent 106 was allocated 1n a previous request; e.g.,
for a second request following a first request, the round-robin
allocation strategy may involve i1dentitying the last storage
device 104 on which capacity was allocated for the first
request, 1dentifying the next storage device 104 following the
last storage device according to a storage device order; and
allocating capacity on the storage devices 104 according to
the storage device order and beginning with the next storage
device 104). In this manner, and as illustrated by the first
allocation strategy 902 1n FIG. 9, this allocation strategy
results 1n an even distribution of extents 106 over the storage
devices 104 of the spacious storage device subset 404.

FIG. 9 also illustrates a second allocation strategy 904,
wherein the allocation of capacity 1s selected based on the
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capacity utilization of the storage devices 104 of the spacious
storage device subset 404. In accordance with this allocation
strategy, capacity may be allocated on the storage devices 104
ol a storage device subset by identifying a sequence of
descendingly ordering the storage devices 104 by available
capacity, and allocating capacity on the storage devices 104
according to the sequence. Therefore, the extents 106 are not
evenly allocated, but rather are allocated to balance the avail-
able capacity on the storage devices 104 of the storage device
subset.

FIG. 9 also illustrates a third allocation strategy 906,
wherein the allocation of capacity 1s selected based on the
access rates of the storage devices 104. This allocation strat-
egy focuses on the input/output workload of the storage
devices 104 and endeavors to allocate capacity 1n such a
manner as to distribute the workload over the storage devices
104, thereby improving the performance of the storage device
set 102. To this end, the storage device set 102 may ascend-
ingly order the storage devices 104 based on access rate, and
may fulfill the capacity request by allocating extents 106 on
the storage devices 104 exhibiting the lowest I/O range. Such
metrics may include many types of measurements (e.g., a
measure of the queue depth of pending read/write requests;
the mmbound and/or outbound data rate; a number of open file
handles or pending or executed database queries; and/or a
number of users, devices, or processes accessing the extents
106 allocated on the storage device 104), and may either be
measured on an ad hoc basis or based on historic measure-
ments (e.g., the storage device set 102 may be configured to
track the access rates of the storage devices 104 as an access
rate history, and to sort the storage devices according to the
access rate histories). For example, in the exemplary scenario
900 of FIG. 9, three storage devices 104 are included in the
spacious storage device set 404; however, the storage device
104 having the least number of allocated extents 106 and the
greatest available capacity exhibits a significantly higher I/O
metric 908 than the other storage devices 104 (e.g., possibly
due to the nature or popularity of the data comprising the
single extent 106 allocated on the third storage device 104).
Therefore, the capacity request may be fulfilled by allocating
extents 106 on the second and fourth storage devices 104.
Even though the available capacity of such storage devices
104 1s now more limited, 1t may be advantageous to allocate
the added I/O workload 1nvolved 1n hosting these extents 106
to these storage devices 104 rather than to a storage device
104 that 1s already hosting an extent 106 comprising a heavily
utilized data set. Many such allocation strategies, including a
combination thereof, may be utilized in the techniques pre-
sented herein.

As a second variation of this second aspect, an embodiment
of these techniques may enable a request to specily a storage
device distribution constraint for the allocation of capacity.
For example, the constraints may be selected from a storage
device distribution constraint set comprising a minimum and/
or maximum number of different storage devices 104 upon
which the allocated capacity 1s to be distributed; a minimum
and/or maximum number of different storage device types
(e.g., a homogeneous or heterogeneous mixture of storage
devices 104); and a minimum and/or maximum number of
different locations of the storage devices 104 (e.g., storage
devices 104 located 1n the same or different racks, buildings,
facilities, or geographic areas). Such constraints may be
selected 1n view of various factors of the storage device set
102. For example, it may be desirable to choose homogenous
storage devices 104 having similar properties and located 1n
the same general area 1n order to allocate capacity capable of
high throughput for a data set that 1s likely to be heavily
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utilized. Conversely, for a data set that 1s heavily utilized
throughout a geographic area, it may be desirable to distribute
the data set across a wide geographic area, and therefore to
allocate capacity for a mirrored version of the data set on
several storage devices 104 located in different geographic
regions (such that any consuming device or process may
access the mirrored version of the data set on the geographi-
cally closest storage device 104). An embodiment of these
techniques may therefore accept the specification of storage
device distribution constraints with capacity requests, and to
utilize such constraints while selecting storage devices 104 in
tulfillment of the capacity request. Those of ordinary skill 1n
the art may devise many such allocation strategies 1n accor-
dance with the techniques presented herein.

D3. Delayed Allocation and Capacity Reserves

A third aspect that may vary among embodiments of these
techniques relates to a delayed allocation of capacity. For
example, upon receving a request to create a space 108, a
storage device set 102 may promptly allocate the entire pro-
visioned capacity 110 of the space 108 on one or more storage
devices 104. However, this allocation may take a while, par-
ticularly 11 the provisioned capacity 110 1s large and a large
number of extents 106 have to be selected and located, and
such prompt allocation may significantly delay the fulfillment
of the request to create the space. Additionally, this allocation
may be inellicient 1f the capacity of the space 108 1s not
promptly thereafter, since extents 106 that have been allo-
cated for the space 108 may remain empty, and yet may be
unavailable for allocation to other spaces 108, or even to
alleviate an exhaustion of the available capacity of the storage
device set 102. Moreover, 1n a thin provisioning scenario, the
provisioned capacity for the space 108 may not be available
for allocation at the time that the space 108 1s created. In view
of these and other considerations, it may be advantageous to
configure the storage device set 102 not to allocate the entire
provisioned capacity 110 for the space 108 upon creating the
space, but to delay the allocation until the physical capacity 1s
to be utilized. For example, the storage device set 102 may
initially allocate a small number of extents 106 to the space
108 in order to provide starting physical capacity (or may
refrain from doing so), and may wait to allocate additional
physical capacity until demand for the physical capacity
arises.

A first variation of this third aspect involves the manner of
achieving the delayed allocation of capacity. As a first
example, the storage device set 102 may monitor the available
physical capacity allocated to a space 108, and when the
available physical capacity nears exhaustion (while provi-
sioned capacity 110 remains), the storage device set 102 may
automatically allocate one or more new extents 106 and asso-
ciate such extents 106 with the space 108, thereby avoiding
exhaustion of the physical capacity of the space 108. This
variation may therefore opaquely handle the allocation of
capacity for a space 108, and may not even indicate that less
than all capacity has been allocated for the space 108. As a
second example, the storage device set 102 may expose the
incomplete allocation of physical capacity to an administrator
314 or process, and may accept and tulfill requests from the
administrator and/or process to expand the physical capacity
allocated for the space 108. As a third example, respective
extents 106 may be bound to a logical address range of the
space. A request to access data may specily a location in the
space, and the storage device set 102 may determine whether
any extent 106 associated with the space 108 1s bound to an
address range including the location of the request. If not, the
storage device set 102 may bind an unbound extent 106 to a
logical address space the space 108, where the logical address
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range includes the location of the access, 1n order to provide
the physical capacity for the access. The unbound extent 106
may be newly allocated for the space 108 on a storage device
104 1n order to fulfill the request. Alternatively, the unbound
extent 106 may have been allocated for the space 108 before
the access, but may not yet have been bound to a logical
address range for the space 108. For example, when a space
108 1s created, 1t may be diflicult to predict the locations
within the space 108 that are to be used first. Therefore, a
number of extents 106 may be allocated for and associated
with the space 108, but may not be bound to any logical
address range until the first access requests are recerved speci-
tying logical locations within the space 108. In this manner,
the allocation of unbound extents 106 may provide readily
available physical capacity for any portion of the space 108,
even though only a portion of the provisioned capacity 110
has been physically allocated, and even though the locations
within the space 108 that are to be used cannot be predicted.
In accordance with the techniques presented herein, the allo-
cation of extents 106 may be achieved through the allocation
strategies presented herein.

As a second varniation of this third aspect (and as 1llustrated
in the exemplary scenario 500 of FIG. 5), the storage device
set 102 may enable the use of capacity reservations 304 for
respective spaces 108 1n order to provide physical capacity for
the space 108 i the event of an exhaustion of available
capacity of the storage device set 102. For example, when a
capacity reservation 504 1s requested for a space 108, the
storage device set 102 may calculate, for respective storage
devices 104, a capacity reservation size comprising a lesser of
the remaining provisioned capacity 110 of the space 108 and
a capacity reservation portion 506 of the capacity reservation
504 for the space 108 on the storage device 104. (This com-
parison enables the capacity reservation 504 to extend up to
the remaining provisioned capacity 110 of the space 108
without exceeding the remaining provisioned capacity 110 of
the space 108.) The storage device 104 may therefore reduce
the available capacity by the capacity reservation size. The
capacity reservation may be specified with the request to
create the space 108 or may be added after the space 1s created
108, and may be adjusted to variable capacity reservation
s1Zzes alter creation by adjusting the reserved capacity por-
tions 506 on respective storage devices 104.

As a third variation of this second aspect, for a space 108
having a capacity reservation 504, the storage device set 102
may consume the capacity reservation 504 for the space 108
in various ways while the storage device set 102 has available
physical capacity. For example, requests to expand the physi-
cal capacity for the space 108 may be achieved by maintain-
ing the capacity reservation 504 and reducing the available
capacity of the storage device set 102 (e.g., satisfying such
capacity allocations from the general pool of available capac-
ity); by maintaining the available capacity of the storage
device set 102 and reducing the capacity reservation 504 of
the space 108 (e.g., satistying such capacity allocations from
the capacity reservation 504 for the space 108); or a combi-
nation thereof (e.g., a request may specily a capacity reser-
vation 504 of 50% of the remaining provisioned capacity 110
of a space 108, and capacity allocations may be satisfied by
reducing both the available capacity of the storage device set
102 and the capacity reservation 304 for the space 108).
Alternatively or additionally, the storage device set 102 may
(or may not) restrict the size of a capacity reservation 504 to
the remaining provisioned capacity 110 for the space 108. For
example, the storage device set 102 may always satisiy capac-
ity requests from the capacity reservation 504 of a space 108
(instead of from the available capacity of the storage device
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set 102) 1f the remaining provisioned capacity 110 for the
space 108 otherwise exceeds the size of the capacity reserva-
tion 504. Alternatively, for particularly high-priority spaces
108, the storage device set 102 may allow the capacity reser-
vation 504 to exceed the remaining provisioned capacity 110
of the space 108 in case a request to expand the space 108 1s
received while the available capacity of the storage device set
102 1s exhausted.

As a fourth variation of this third aspect, the storage device
set 102 may take various actions upon reaching exhausting
the available capacity of the storage devices 104, or upon
approaching exhaustion (e.g., upon reducing the available
capacity of the storage devices 102 below an available capac-
ity minimum threshold). For example, the storage device set
102 may notify an administrator 314 or other user of the
current or imminent exhaustion; may recommend the addi-
tion of one or more storage devices 104 to expand the capacity
of the storage device set 102; or may, in some scenarios,
automatically place an order for additional storage. The stor-
age device set 102 may also identify one or more spaces 108
that may be reduced 1n order to provide capacity to alleviate
the exhaustion, and may, e.g., recommend switching a fully
allocated space 108 to an overprovisioned space 108. For
example, a space 108 may be bound to extents 106 that are not
in use (e.g., extents 106 for a tully allocated space 108 that 1s
only partially filled, or extents 106 that were bound to an
extent 108 but have since not been used), and may recom-
mend a deallocation of such extents 106 or a reallocation to a
space 108 having higher priority 302. Those of ordinary skill
in the art may devise many variations 1n the delayed allocation
and thin provisioming of the storage device set 102 1n accor-
dance with the techniques presented herein.

D4. Additional Features

A Tourth aspect that may vary among embodiments of these
techniques relates to additional features that may be provided
by such embodiments. As a first variation of this fourth
aspect, the available capacity minimum threshold may be
selected 1n various ways, e.g., according to a heuristic based
on the characteristics of the storage device set 102 or the data
stored therein; may be specified as an absolute number (e.g.,
a total number of remaining extents 106) or as a relative
number (e.g., at least 10% of the total physical capacity
remaining available); and may be specified as one value for all
storage devices 104 or may be particularly selected for each
storage device 104. Additionally, the available capacity mini-
mum threshold may be adjusted over time, €.g., according to
the available capacities of the storage devices 104 of the
storage device set 102.

As a second vaniation of this fourth aspect, the allocation of
capacity may encounter difficulty 11 a storage device 104 1s
temporarily unavailable, e.g., 11 the storage device 104 1s
accessible over a network connection that 1s temporarily dis-
connected, or if the storage device 104 has failed and is being
replaced. While the temporary nature of the unavailability
may preclude removing the storage device 104 from the rep-
resentation, the allocation techniques may have to be adjusted
in response. For example, the mstructions may simply
exclude the storage device 104 from any storage device subset
selected for the allocation of capacity. Alternatively, even
though the storage device 104 1s unavailable, 1t may never-
theless be selected for capacity allocation if the storage device
set 102 redundantly stores the data over multiple storage
devices 104. As a first example, 11 the allocation 1s requested
for a pool 114 of capacity comprising a mirror, the unavail-
able storage device 104 may be included 1n the pool, and the
redundant data may simply be copied onto 1t once the unavail-
able storage device 104 1s reconnected. As a second example,
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if the storage device set 102 provides redundancy 1n the form

of a checksum, the data on the unavailable storage device 104
may be reconstructed through the use of data on the other
storage devices 104. However, this data may include not only
data that existed on the unavailable storage device 104, but 5
data that was requested to be written to the storage device 104
alter it became unavailable. That 1s, the storage device set 102
may select an unavailable storage device 104 for allocation,
and may even operate as 11 storing new data on the unavailable
storage device 104, but may simply update the other infor- 10
mation of the storage device set 102 accordingly (e.g., updat-
ing a checksum stored 1n a checksum area to indicate the data
that 1s to be stored on the storage device 104 when recon-
nected). Data may similarly be “read” from the unavailable
storage device by using the corresponding data on the other 15
storage devices 104. When the unavailable storage device 104
becomes available (either as a reconnection of the storage
device 104 or a replacement with a new but empty storage
device 104), a resynchronization or reconstruction of the data
therefore yields ensures that this storage device 104 contains 20
not only the data that was stored on the storage device 104 at
the time of disconnection, but the data that was requested to

be written to the storage device 104 after disconnection. In
this manner, even unavailable storage devices 104 may be
included 1n the allocation strategies presented herein. Those 25
of ordinary skill in the art may devise many additional fea-
tures that are compatible with the techniques presented
herein.

E. Computing Environment

FI1G. 10 and the following discussion provide a brief, gen- 30
cral description of a suitable computing environment to
implement embodiments of one or more of the provisions set
forth herein. The operating environment of FIG. 10 1s only
one example of a suitable operating environment and 1s not
intended to suggest any limitation as to the scope of use or 35
functionality of the operating environment. Example comput-
ing devices include, but are not limited to, personal comput-
ers, server computers, hand-held or laptop devices, mobile
devices (such as mobile phones, Personal Digital Assistants
(PDAs), mediaplayers, and the like), multiprocessor systems, 40
consumer electronics, mini computers, mainframe comput-
ers, distributed computing environments that include any of
the above systems or devices, and the like.

Although not required, embodiments are described 1n the
general context of “computer readable instructions™ being 45
executed by one or more computing devices. Computer read-
able 1nstructions may be distributed via computer readable
media (discussed below). Computer readable instructions
may be implemented as program modules, such as functions,
objects, Application Programming Interfaces (APIs), data 50
structures, and the like, that perform particular tasks or imple-
ment particular abstract data types. Typically, the functional-
ity of the computer readable instructions may be combined or
distributed as desired in various environments.

FIG. 101llustrates an example of a system 1000 comprising 55
a computing device 1002 configured to implement one or
more embodiments provided herein. In one configuration,
computing device 1002 includes at least one processing unit
1006 and memory 1008. Depending on the exact configura-
tion and type of computing device, memory 1008 may be 60
volatile (such as RAM, for example), non-volatile (such as
ROM, flash memory, etc., for example) or some combination
of the two. This configuration 1s 1illustrated in FIG. 10 by
dashed line 1004.

In other embodiments, device 1002 may include additional 65
teatures and/or functionality. For example, device 1002 may
also 1include additional storage (e.g., removable and/or non-
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removable) including, but not limited to, magnetic storage,
optical storage, and the like. Such additional storage 1s 1llus-
trated 1n FIG. 10 by storage 1010. In one embodiment, com-
puter readable instructions to implement one or more
embodiments provided herein may be 1n storage 1010. Stor-
age 1010 may also store other computer readable instructions
to implement an operating system, an application program,
and the like. Computer readable instructions may beloaded 1n
memory 1008 for execution by processing unit 1006, for
example.

The term “computer readable media” as used herein
includes computer storage media. Computer storage media
includes volatile and nonvolatile, removable and non-remov-
able media implemented 1n any method or technology for
storage of information such as computer readable instructions
or other data. Memory 1008 and storage 1010 are examples of
computer storage media. Computer storage media includes,
but is not limited to, RAM, ROM, EEPROM, flash memory or
other memory technology, CD-ROM, Digital Versatile Disks
(DVDs) or other optical storage, magnetic cassettes, mag-
netic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the
desired mnformation and which can be accessed by device
1002. Any such computer storage media may be part of device
1002.

Device 1002 may also i1include communication
connection(s) 1016 that allows device 1002 to communicate
with other devices. Communication connection(s) 1016 may
include, but 1s not limited to, a modem, a Network Interface
Card (NIC), an integrated network interface, a radio fre-
quency transmitter/receiver, an inirared port, a USB connec-
tion, or other interfaces for connecting computing device
1002 to other computing devices. Communication connec-
tion(s) 1016 may include a wired connection or a wireless
connection. Communication connection(s) 1016 may trans-
mit and/or recerve communication media.

The term “computer readable media” may include commu-
nication media. Communication media typically embodies
computer readable 1nstructions or other data 1n a “modulated
data signal” such as a carrier wave or other transport mecha-
nism and includes any information delivery media. The term
“modulated data signal” may include a signal that has one or
more of its characteristics set or changed 1n such a manner as
to encode information 1n the signal.

Device 1002 may include input device(s) 1014 such as
keyboard, mouse, pen, voice input device, touch input device,
inirared cameras, video mput devices, and/or any other input
device. Output device(s) 1012 such as one or more displays,
speakers, printers, and/or any other output device may also be
included 1 device 1002. Input device(s) 1014 and output
device(s) 1012 may be connected to device 1002 via a wired
connection, wireless connection, or any combination thereof.
In one embodiment, an 1nput device or an output device from
another computing device may be used as input device(s)
1014 or output device(s) 1012 for computing device 1002.

Components of computing device 1002 may be connected
by various interconnects, such as a bus. Such interconnects
may include a Peripheral Component Interconnect (PCI),
such as PCI Express, a Universal Serial Bus (USB), firewire
(IEEE 1394), an optical bus structure, and the like. In another
embodiment, components of computing device 1002 may be
interconnected by a network. For example, memory 1008
may be comprised of multiple physical memory units located
in different physical locations interconnected by a network.

Those skilled 1n the art will realize that storage devices
utilized to store computer readable instructions may be dis-
tributed across a network. For example, a computing device
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1040 accessible via network 1018 may store computer read-
able imstructions to implement one or more embodiments
provided herein. Computing device 1002 may access com-
puting device 1040 and download a part or all of the computer
readable mstructions for execution. Alternatively, computing
device 1002 may download pieces of the computer readable
instructions, as needed, or some 1nstructions may be executed
at computing device 1002 and some at computing device
1040.

F. Usage of Terms

As used 1n this application, the terms “component,” “mod-
ule,” “system”, “interface”, and the like are generally
intended to refer to a computer-related entity, either hard-
ware, a combination of hardware and software, software, or
soltware 1n execution. For example, a component may be, but
1s not limited to being, a process running on a processor, a
processor, an object, an executable, a thread of execution, a
program, and/or a computer. By way of illustration, both an
application running on a controller and the controller can be
a component. One or more components may reside within a
process and/or thread of execution and a component may be
localized on one computer and/or distributed between two or
more computers.

Furthermore, the claimed subject matter may be imple-
mented as a method, apparatus, or article of manufacture
using standard programming and/or engineering techniques
to produce software, firmware, hardware, or any combination
thereof to control a computer to implement the disclosed
subject matter. The term “article of manufacture™ as used
herein 1s intended to encompass a computer program acces-
sible from any computer-readable device, carrier, or media.
Of course, those skilled 1n the art will recognize many modi-
fications may be made to this configuration without departing
from the scope or spirit of the claimed subject matter.

Various operations of embodiments are provided herein. In
one embodiment, one or more of the operations described
may constitute computer readable instructions stored on one
or more computer readable media, which 1f executed by a
computing device, will cause the computing device to per-
torm the operations described. The order 1n which some or all
of the operations are described should not be construed as to
imply that these operations are necessarily order dependent.
Alternative ordering will be appreciated by one skilled 1n the
art having the benefit of this description. Further, 1t will be
understood that not all operations are necessarily present in
cach embodiment provided herein.

Moreover, the word “exemplary” 1s used herein to mean
serving as an example, instance, or i1llustration. Any aspect or
design described herein as “exemplary” 1s not necessarily to
be construed as advantageous over other aspects or designs.
Rather, use of the word exemplary i1s intended to present
concepts 1n a concrete fashion. As used 1n this application, the
term ““or” 1s intended to mean an 1inclusive “or” rather than an
exclusive “or”. That 1s, unless specified otherwise, or clear
from context, “X employs A or B” 1s intended to mean any of
the natural inclusive permutations. That 1s, 1f X employs A; X
employs B; or X employs both A and B, then “X employs A or
B” 1s satisfied under any of the foregoing instances. In addi-
tion, the articles “a” and “an” as used 1n this application and
the appended claims may generally be construed to mean
“one or more” unless specified otherwise or clear from con-
text to be directed to a singular form.

Also, although the disclosure has been shown and
described with respect to one or more implementations,
equivalent alterations and modifications will occur to others
skilled 1n the art based upon a reading and understanding of
this specification and the annexed drawings. The disclosure
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includes all such modifications and alterations and 1s limited
only by the scope of the following claims. In particular regard
to the various functions performed by the above described
components (€.g., elements, resources, etc.), the terms used to
describe such components are intended to correspond, unless
otherwise 1ndicated, to any component which performs the
specified function of the described component (e.g., that 1s
functionally equivalent), even though not structurally equiva-
lent to the disclosed structure which performs the function 1n
the herein 1llustrated exemplary implementations of the dis-
closure. In addition, while a particular feature of the disclo-
sur¢ may have been disclosed with respect to only one of
several implementations, such feature may be combined with
one or more other features of the other implementations as
may be desired and advantageous for any given or particular
application. Furthermore, to the extent that the terms
“includes™, “having™, “has”, “with”, or variants thereof are
used 1n erther the detailed description or the claims, such
terms are intended to be inclusive in a manner similar to the
term “comprising.”

What 1s claimed 1s:

1. A method of allocating capacity for spaces on a storage
device set comprising at least two storage devices accessible
to a device having a processor, the method comprising:

executing on the processor istructions configured to, upon

receiving a request to allocate capacity for a space:
among the storage devices, 1dentily a spacious storage
device subset comprising storage devices having
available capacity above an available capacity mini-
mum threshold;
allocate capacity for the space on the storage devices of
the spacious storage device subset; and
if the spacious storage device subset does not satisiy the
request:
among remaining storage devices, 1dentity a limited
storage device subset comprising storage devices
having available capacity below the available
capacity minimum threshold; and
allocate capacity for the space on the storage devices
of the limited storage device subset.

2. Themethod of claim 1, allocating capacity on the storage
devices of a storage device subset comprising:

identifying a sequence of storage devices of the storage

device subset according to a round-robin selection;

for respective storage devices and according to the

sequence:
allocating an extent on the storage device, and
associating the extent with the space,

until a total capacity of the extents associated with the

space satisfies the request.

3. The method of claim 2:

the storage devices of a storage device subset having a

storage device order; and

the round-robin selection comprising: for a second request

following a first request:

identifying a last storage device on which capacity was
allocated for the first request;

identifying a next storage device following the last stor-
age device according to the storage device order; and

allocating capacity on the storage devices according to
the storage device order and beginning with the next
storage device.

4. The method of claim 1, allocating capacity on the storage
devices of a storage device subset comprising:

among the storage devices of the storage device subset,

identily a sequence descendingly ordering the storage
devices by available capacity; and
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allocating capacity on the storage devices according to the

sequence.

5. The method of claim 1, allocating capacity on the storage
devices of a storage device subset comprising:

among the storage devices of the storage device subset, 5

identily a sequence ascendingly ordering the storage
devices by access rate; and

allocating capacity on the storage devices according to the

sequence.

6. The method of claim 5: 10

the mnstructions configured to track the access rates of the

storage devices as an access rate history; and
identifying the sequence comprising: upon recewving the

request to allocate capacity for the space, sorting the

storage devices according to the access rate history. 15

7. The method of claim 1, the request specifying a storage
device distribution constraint selected from a storage device
distribution constraint set comprising:

a number of diflerent storage devices;

for storage devices having a storage device type, anumber 20

of different storage device types; and

for storage devices located in different locations, a number

of different locations of the storage devices.

8. The method of claim 1:

respective spaces created with a provisioned capacity; 25

respective spaces bound to extents respectively having an

extent capacity;

the request comprising a request to access a location 1n the

space that 1s not bound to an extent; and

allocating capacity for the space on a storage device com- 30

prising:
binding an extent allocated on the storage device to a logical
address range of the space including the location.

9. The method of claim 1:

before the access, the storage device comprising at least 35

one unbound extent allocated for the space and not
bound to a logical address range of the space; and

binding the extent comprising: binding an unbound extent

to the logical address range of the space including the
location. 40

10. The method of claim 9, the provisioned capacities of
the spaces exceeding the capacity of the storage devices of the
storage device set.

11. The method of claim 10, the 1nstructions configured to,
for at least one space: 45

identily a capacity reservation; and

for respective storage devices:

calculate a capacity reservation size comprising a lesser
of:
a remaining provisioned capacity of the space, and 50
a capacity reservation portion of the capacity reserva-
tion for the space on the storage device; and
reduce the available capacity of the storage device by the
capacity reservation size.

12. The method of claim 11, allocating the capacity reser- 55
vation for a space comprising: upon recerving a request to
create a space having a provisioned capacity and a capacity
reservation size:

create the space with the provisioned capacity; and

reserve a capacity reservation of the capacity reservation 60

s1ze for the space on at least one storage device.

13. The method of claim 11, allocating an extent on a
storage device for a space comprising: upon allocating an
extent for the space, reduce the capacity reservation portion of
the reservation capacity for the space on the storage device. 65

14. The method of claim 13, reducing the capacity reser-
vation portion comprising:

28

reducing the capacity reservation portion of the reservation
capacity for the space on the storage device 1i:
the remaining provisioned capacity of the space exceeds
the capacity reservation portion on the storage device;
or
the storage device has no available capacity.

15. The method of claim 10, comprising: upon reducing the
available capacity of the storage devices of the storage device
set below an available capacity minimum threshold, notity an
administrator of the available capacity of the storage device
set.

16. The method of claim 1, the mnstructions configured to
adjust the available capacity mimimum threshold according to
the available capacities of the storage devices of the storage
device set.

17. The method of claim 1:

the storage device set including at least one unavailable

storage device; and

the instructions configured to exclude the unavailable stor-

age device from storage device subsets.
18. The method of claim 1:

the storage device set configured to store data redundantly

across at least two storage devices;

the storage device set configured to satisfy accesses to data

on an unavailable storage device by accessing redun-
dantly stored data on other storage devices of the storage
device set;

the storage device set including at least one unavailable

storage device; and

allocating capacity for a space on an unavailable storage

device comprising:

allocating the capacity on the unavailable storage
device; and

satisiying accesses to the data within the capacity of the
unavailable storage device by accessing redundantly
stored data on other storage devices of the storage
device set.

19. A method of allocating capacity for spaces on a storage
device set comprising at least two storage devices accessible
to a device having a processor, the method comprising:

sending to the device instructions that, when executed by

the processor, cause the device to:
upon recerving a request to create a space with a provi-
sioned capacity and a capacity reservation:
create the space, and
for respective storage devices, reserve a capacity res-
ervation portion for the space; and
upon recewving a request to allocate capacity for the
space:
among the storage devices, identily a spacious storage
device subset comprising storage devices having
available capacity above an available capacity
minimum threshold:
for respective storage devices of the spacious storage
device subset, allocate at least one extent for the
space on the storage devices ol the spacious storage
device subset;
adjust the capacity reservation portion of the capacity
reservation for the space; and
11 the spacious storage device subset does not satisiy
the request:
among remaining storage devices, 1dentily a lim-
ited storage device subset comprising storage
devices having available capacity below the
available capacity minimum threshold; and
allocate capacity for the space across the limited
storage device subset; and
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adjust the capacity reservation portion of the capac-
ity reservation for the space.

20. A computer-readable storage medium comprising
instructions that, when executed on a processor of a device
having access to a storage device set comprising at least two
storage devices, allocates storage for respective spaces by:

upon receving a request to create a space with a provi-

stoned capacity and a capacity reservation:
creating the space;
for respective storage devices, calculating capacity res-
ervation size comprising a lesser of:
a remaining provisioned capacity of the space, and
a capacity reservation portion of the capacity reserva-
tion for the space on the storage device; and

reducing the available capacity of the storage device by

the capacity reservation size;
upon recerving a request to allocate capacity for a space,

the provisioned capacities of the spaces exceeding the

capacity of the storage devices of the storage device set,

and the request specilying a storage device distribution

constraint selected from a storage device distribution

constraint set comprising:

a number of different storage devices;

for storage devices having a storage device type, a num-
ber of different storage device types; and

for storage devices located 1n different locations, a num-
ber of different locations of the storage devices, allo-
cating capacity by:

among the storage devices, 1dentifying a spacious stor-
age device subset comprising storage devices having
available capacity above an available capacity mini-
mum threshold;

allocating capacity for the space on the storage devices
of the spacious storage device subset; and

if the spacious storage device subset does not satisty the
request:
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among remaining storage devices, identitying a lim-
ited storage device subset comprising storage
devices having available capacity below the avail-
able capacity minimum threshold; and

allocating capacity for the space across the limited
storage device subset;

wherein allocating at least one extent on a storage device
subset comprises:
identilying a sequence of storage devices of the storage
device subset according to around-robin selection, com-
prising, for a second request following a first request:
identifying a last storage device on which capacity was
allocated for the first request; and
identifying a next storage device following the last stor-
age device according to the storage device order; and
for respective storage devices and according to the
sequence beginning with the next storage device:
allocating an extent on the storage device,
associating the extent with the space,
binding the extent to a logical address range of the space,
and
if the remaining provisioned capacity of the space
exceeds the capacity reservation portion on the stor-
age device and the storage device has no available
capacity, reducing the capacity reservation portion of
the reservation capacity for the space on the storage
device,
until a total capacity of the extents associated with the space
satisfies the request;
adjusting an available capacity minimum threshold
according to the available capacities of the storage
devices of the storage device set; and
upon reducing the available capacity of the storage devices
of the storage device set below the available capacity
minimum threshold, notity an administrator of the avail-
able capacity of the storage device set.

G o e = x



	Front Page
	Drawings
	Specification
	Claims

